Abstract: To develop prophylaxis against mother-to-child human immunodeficiency virus (HIV) transmission, we established a simian-human immunodeficiency virus (SHIV) infection model in neonatal macaques that mimics intrapartum mucosal virus exposure (T. W. Baba et al., AIDS Res. Hum. Retroviruses 10:351-357, 1994). Using this model, neonates were protected from mucosal SHIV-vpu(+) challenge by pre-and postnatal treatment with a combination of three human neutralizing monoclonal antibodies (MAbs), F105, 2G12, and 2F5 (Baba et al., Nat. Med. 6:200-206, 2000). In the present study, we used this MAb combination only postnatally, thereby significantly reducing the quantity of antibodies necessary and rendering their potential use in humans more practical. We protected two neonates with this regimen against oral SHIV-vpu(+) challenge, while four untreated control animals became persistently infected. Thus, synergistic MAbs protect when used as immunoprophylaxis without the prenatal dose. We then determined in vitro the optimal MAb combination against the more pathogenic SHIV89.6P, a chimeric virus encoding env of the primary HIV89.6. Remarkably, the most potent combination included IgG1b12, which alone does not neutralize SHIV89.6P. We administered the combination of MAbs IgG1b12, 2F5, and 2G12 postnatally to four neonates. One of the four infants remained uninfected after oral challenge with SHIV89.6P, and two infants had no or a delayed CD4(+) T-cell decline. In contrast, all control animals had dramatic drops in their CD4(+) T cells by 2 weeks postexposure. We conclude that our triple MAb combination partially protected against mucosal challenge with the highly pathogenic SHIV89.6P. Thus, combination immunoprophylaxis with passively administered synergistic human MAbs may play a role in the clinical prevention of mother-to-infant transmission of HIV type 1.
The role of neutralizing antibodies (NAbs) in protecting against the human immunodeficiency virus (HIV) has recently been investigated in macaques (3, 37, 38, 56) by using chimeric simian/human immunodeficiency viruses (SHIV) (51, 52, 57) . These viruses contain a simian immunodeficiency virus (SIV) isolate mac239 backbone and encode envelope glycoproteins derived from HIV type 1 (HIV-1), which makes it possible to test antibodies directed against HIV-1 envelope in rhesus macaques.
Recently, passively infused antibodies were found to protect against an intravenous (i.v.) SHIV challenge in macaques (3, 37, 56) . We found complete protection in four adult rhesus macaques challenged with SHIV-vpu ϩ after an infusion of F105, 2G12, and 2F5 (3). These human monoclonal antibodies (MAbs) are directed against conserved epitopes on HIV-1. F105 recognizes the CD4 binding site (CD4BS) on gp120 (49) . 2G12 binds to a conformation-sensitive, glycosylation-dependent, discontinuous epitope centered around the C3/V4 domain on gp120 of HIV (62) , and 2F5 is directed against a specific sequence, ELDKWA, within the external domain of the gp41 (17, 45) . We and others have also shown that infusion of anti-HIV antibodies protected against mucosal transmission of SHIV (3, 38) . Mascola et al. (38) infused MAbs 2F5 and 2G12 with or without high-titer anti-HIV immunoglobulin into adult rhesus monkeys 24 h prior to vaginal SHIV89.6PD challenge. The best protection was found in the cohort that received the triple combination. Four of five animals were protected against infection, and the fifth monkey did not develop CD4 ϩ T-cell depletion. In contrast, all control monkeys given irrelevant control immunoglobulins developed high plasma viremia and rapid CD4 ϩ T-cell decline.
Our goal is to develop immune prophylaxis against motherto-child HIV-1 transmission. Previously, we established an SIV/macaque model that mimics mucosal HIV-1 exposure of neonates that can occur during delivery (2) . Using this model, we achieved complete protection of four neonatal rhesus macaques with the human MAbs 2F5, F105, and 2G12 against oral challenge with SHIV-vpu ϩ , a chimeric virus that encodes the env gene of the laboratory-adapted, T-cell-tropic HIV-1 IIIB (3). The neonates received transplacental MAbs before birth, by passive therapy of the pregnant dams, as well as by direct i.v. infusion after birth. Prenatal passive antibody therapy of pregnant women requires large amounts of MAbs compared to those needed to infuse only neonates. Thus, prenatal immunoprophylaxis might be too costly and could render large-scale use in humans impractical. In the present study, we assessed the efficacy of immunoprophylaxis using only postnatal MAb treatment of infants. First, we conducted a pilot study with two neonatal rhesus macaques that both received 2F5, F105, and 2G12 prior to oral challenge with SHIV-vpu ϩ . In a second experiment, we determined whether human MAbs administered postnatally would also inhibit mucosal infection by a chimeric virus carrying the env gene of a primary, and hence less neutralization-sensitive, HIV-1 isolate. Thus, neonates were treated with MAbs after birth and challenged orally with SHIV89.6P, an in vivo-passaged, pathogenic virus which expresses envelope glycoproteins of a primary HIV-1 isolate (52, 53) . The optimal combination of human neutralizing MAbs against SHIV89.6P was determined in vitro. Although primary HIV-1 isolates are more resistant to neutralization than laboratory-adapted strains (19, 44) , MAbs 2G12, 2F5, and IgG1b12, a MAb which binds to a confirmationsensitive epitope that overlaps but is not precisely continuous with the CD4BS (10), have broad neutralizing activity against primary virus isolates (8, 10, 11, 17, 20, 61) . In addition, we detected strong synergism and complete neutralization of the primary isolate, HIV89.6, in human peripheral blood mononuclear cells (PBMC) with the triple combination F105, 2F5, and 2G12 (3) . Remarkably, although IgG1b12 alone did not neutralize SHIV89.6P or SHIV-KB9, a fourth-passage molecular clone of SHIV89.6P (18, 21, 27) , the triple combination 2G12, IgG1b12, and 2F5 showed the strongest synergism. Thus, we used this combination for the in vivo immunoprophylaxis studies with oral SHIV89.6P challenge.
MATERIALS AND METHODS

Human IgG1
MAbs. The human immunoglobulin G1 (IgG1) anti-HIV-1 MAbs used were 2F5 (17, 45) , 2G12 (8, 62) , IgG1b12 (10), and F105 (49) . The MAb preparations were of clinical-grade purity and endotoxin-free. For the in vivo immunoprophylaxis studies, each of these MAbs was given at a dose of 10 mg/kg.
MAb IgG1b12-secreting CHO cells (kindly provided by Dennis Burton, Scripps Research Institute, La Jolla, Calif.) were expanded in endotoxin-free Glasgow minimum essential medium (Glasgow MEM; Sigma, St. Louis, Mo.). The medium was supplemented with 100 M MEM nonessential amino acids (Gibco-BRL, Life Technologies, Grand Island, N.Y.), glutamic acid (60 g/ml), asparagine (60 g/ml), 1 mM sodium pyruvate (Sigma), heat-inactivated fetal calf serum (FCS; Gemini Bio-Products, Woodland, Calif.), penicillin (100 U/ml), streptomycin (100 g/ml), 50 M methionine sulfoximine (Sigma), and the nucleosides adenosine, guanosine, cytidine, uridine, and thymidine (Sigma), each at 7 g/ml. The FCS concentration was stepwise reduced from initially 10% to 2%. Supernatants containing the MAb were collected on day 7 and clarified by centrifugation. The antibody was purified by protein G chromatography (Amersham Pharmacia Biotech Inc., Piscataway, N.J.), dialyzed against phosphatebuffered saline under endotoxin-free conditions, tested for endotoxin, and stored at 4°C until use. If necessary, endotoxin was removed by Detoxi-Gel (Pierce, Rockford, Il.) according to the manufacturer's instruction.
Virus stocks. We used two different chimeric SHIVs as challenge viruses. SHIV-vpu ϩ contains env from the laboratory-adapted, T-cell-tropic HIV-1 IIIB on an SIVmac239 backbone (31, 36) . SHIV89.6P encodes env of the primary, dualtropic HIV-1 strain 89.6 originally isolated from PBMC of a 47-year-old man with AIDS (16) . The biological isolate was derived from SHIV89.6 after four serial passages in rhesus macaques (51, 52) and is acutely pathogenic, causing profound CD4 ϩ T-cell depletion within 2 weeks of virus exposure (52) . Both cell-free challenge virus stocks were propagated in mitogen-stimulated rhesus macaque PBMC in the presence of human interleukin-2 (IL-2). Supernatants were clarified by centrifugation, filtered, and stored in vapor-phase liquid nitrogen. Stocks were titrated by endpoint titration on CEMx174 cells as described elsewhere (3) . The SHIV-vpu ϩ stock and the SHIV89.6P stock contained 2 ϫ 10 5 and 2.6 ϫ 10 4 50% tissue culture infectious doses per ml, respectively. To determine the oral 50% animal infectious doses (AID 50 ), seven neonatal rhesus monkeys were exposed orally to serial dilutions of SHIV-vpu ϩ ; eight neonates were used to titrate SHIV89.6P in a similar manner. The SHIV-vpu ϩ stock contained 3.79 oral AID 50 /ml (3); the SHIV89.6P stock yielded 30 oral AID 50 /ml.
In vitro SHIV89.6P neutralization assay. We adapted an MT-2 cell viability assay (43) to measure neutralization of SHIV89.6P. MAbs were diluted serially in RPMI 1640 (Gibco-BRL) supplemented with 15% heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 g/ml), and 2 mM L-glutamine (Sigma). Antibodies (50 l) were preincubated in triplicate with 50 l of SHIV89.6P (diluted 1:5 in ice-cold medium; 50 l containing 4.2 pg of p27) in flat-bottom 96-well plates (Corning Costar Corporation, Boston, Mass.) at 37°C for 1 h. Log-phase MT-2 cells (50 l of a 10 6 -cell/ml suspension) were added to the virus-antibody mixture and incubated at 37°C with 5% CO 2 . Virus-only controls (containing SHIV89.6P and MT-2 cells only, without MAbs) and cells-only controls were cultured in parallel. After 2 h, each well was supplemented with 100 l of medium and incubation was continued. Cell densities were reduced after 3 days of incubation by replacing 100 l of each cell suspension with medium. On day 5, cells were fed by exchanging 100 l of medium. Infection led to extensive (Ͼ80%) syncytium formation after approximately 7 days in the absence of MAb (virus-only wells). Cells were harvested, and viability was tested by neutral red uptake (43) . Cell suspensions (100 l) were transferred to 96-well plates precoated with poly-L-lysine (Becton Dickinson, Franklin Lakes, N.J.). A volume of 100 l of neutral red (1:300 solution; ICN Pharmaceuticals, Costa Mesa, Calif.), diluted 1:10 in medium, was added to each well. The plates were incubated for 1 h at 37°C with 5% CO 2 , followed by aspiration of the medium and 2 gentle washes with phosphate-buffered saline. The neutral red absorbed by viable cells was extracted with 1% acetic acid in 50% ethanol for 1 h at room temperature under constant agitation. Optical density was read with a multiscan Microplate Reader (Du Pont Instruments, Wilmington, Del.) at 540 nm. The percentage of protection was defined as the difference in mean absorption between test wells (cells plus virus plus antibody) and virus-only wells, divided by the difference in mean absorption between cells-only wells and virus-only wells.
Determination of synergism (CI) and DRI. The complex interactions of MAb combinations were assessed as outlined earlier (29, 30) by the Chou-Talalay method (14, 15) . Basically, this method yields two indices describing the interactions among MAbs in a given combination: the combination index (CI) and the dose reduction index (DRI). A CI of Ͻ1 indicates synergism, a CI of 1 indicates additive effects, and a CI of Ͼ1 indicates antagonism. The DRI reflects the factor by which the dose of each MAb in a combination may be reduced at a given percent neutralization compared with the dose when each MAb is used alone (12, 13) . A high DRI correlates with a strong synergistic effect, and the amount of MAb may be decreased accordingly in the combination.
Animals, animal care, and experimental design of the in vivo immunoprophylaxis study. We used 14 neonatal rhesus monkeys (Macaca mulatta) from a retrovirus-free colony. The animals were kept according to National Institutes of Health guidelines on the care and use of laboratory animals at the University of Texas M. D. Anderson Cancer Center and at the Yerkes Regional Primate Center, Emory University, Atlanta, Ga. These facilities are fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Animal experiments were approved by the animal care and use committees of these institutions and the Dana-Farber Cancer Institute. Monkeys were anaesthetized intramuscularly with ketamine (5 mg/kg) before all procedures that required removal from their cages. All animals described were found to be negative for simian T-lymphotropic virus type 1 (32) and simian retrovirus type D by PCR (34) .
Two neonates, P1 and P2, were treated i.v. with the triple MAb combination of F105, 2G12, and 2F5 on the day of birth (Fig. 1A) . One hour after completion of the infusion, P1 and P2 were challenged orally in a nontraumatic manner (2) with 10 oral AID 50 of SHIV-vpu ϩ . A second MAb dose was given on day 8. Four untreated control neonates (R9C, R10C, R11C, and R16C) were challenged identically (Fig. 1B) .
Four neonates (RCh-7, RFh-7, RIh-7, RWg-7) were treated i.v. with a combination of three MAbs (IgG1b12, 2G12, and 2F5) within the first 3 days of vaginal delivery (Fig. 1C) . The treated animals were challenged orally with 15 oral AID 50 of SHIV89.6P 1 hour after completion of the MAb infusion. This dose yielded a 99% probability of infection (58) . A second MAb dose was given on day 8. Four control group neonates (REh-7, RHh-7, RJh-7, and RUg-7) were untreated prior to oral virus challenge (Fig. 1D ).
Blood samples were collected from all animals on day 0 prior to MAb infusion and virus inoculation (baseline collection) and on day 8, prior to the second MAb infusion, to determine infection/protection of animals. Although desirable, no additional samples could be collected after the MAb infusions to determine the plasma titer of NAbs or to assess pharmacokinetics. The maximum blood volume that can be sampled from approximately 500-g neonates (6 ml/kg of body weight/ month) did not allow it. MAb-treated animals were observed for 31 months after SHIV-vpu ϩ challenge and for 12 months after SHIV89.6P challenge, during which time samples were collected regularly. When necessary, animals with progressive disease were sacrificed via i.v. sodium pentobarbital injection.
Virus isolation; determination of proviral DNA and viral RNA loads. Methods for PBMC coculture and DNA PCR have been described previously (2, 33). The lower limit of detection of the DNA PCR was one copy per 150,000 cells (33) . Viral RNA loads were quantified by a one-tube fluorogenic probe-based realtime reverse transcription (RT)-PCR (24) . RNA was extracted from 140 l of cell-free plasma with a QIAamp Viral RNA Mini kit (Qiagen, Valencia, Calif.). The sensitivity of the RT-PCR is 50 copies per ml of undiluted plasma. Sodium citrate-anticoagulated samples were not available from animal R16C for RT-PCR or neutralization assays.
Serological assays. Plasma samples were analyzed as described elsewhere (2, 33) for the presence of specific antibodies, using commercially available Western blot strips prepared from HIV-2 antigens which had been shown to cross-react with SIV antisera. HIV-1 Western blot analyses were conducted as instructed by the manufacturer (Epitope, Beaverton, Oreg.).
NAbs in saliva and plasma. Saliva was collected from the oral cavities of the neonatal macaques using Weck-cel sponges (Xomed Surgical Products, Jacksonville, Fla.). Saliva samples were collected 1 h after the first MAb infusion and/or prior to virus inoculation. After collection, sponges were saturated with 400 l of medium (see above) for 15 min. Gentle squeezing with a sterile pipette eluted the saliva, and the liquid (250 l) was sterile filtered. To measure neutralization, serial dilutions of salivary filtrates were assayed in duplicate in an adapted MT-2 cell infection assay with SHIV89.6P as described above or with SHIV-vpu ϩ as described earlier (30) . The salivary NAb titer is the reciprocal dilution which protected 50% of MT-2 cells from virus-induced cytotoxicity. This corresponds to 90% reduction of the viral Gag synthesis (9) . The assay's lower limit of detection titer was 10 for undiluted samples. The same assays were applied to quantify NAbs in serially diluted, heat-inactivated (56°C, 1 h) plasma samples. Neutralizing activities against other SHIV variants, SHIV89.6 (51) and SHIV-KU2 (26) , and the heterologous T-cell-line-adapted HIV-1 strain MN (23) were measured in an identical manner.
Quantification of CTL activity in the completely protected animal RCh-7. An autologous B-lymphoblastic cell line (BLCL) was prepared by transformation of PBMC from RCh-7 with herpesvirus papio (50) . PBMC collected 46 weeks after SHIV89.6P challenge were stimulated with paraformaldehyde-fixed, autologous BLCL infected with SHIV antigen-encoding vaccinia virus constructs at 2 to 3 PFU per cell (Therion, Cambridge, Mass.) Recombinant human IL-2 (20 U/ml) was added every 3 days. Cultures were tested on day 7 in a standard 5-h cytotoxic T-lymphocyte (CTL) assay using autologous, 51 Cr-labeled BLCL target cells infected with vaccinia virus constructs encoding SIV gag-pol, SIV nef, or HIV-1 IIIB env. Background cytotoxicity was measured using wild-type vaccinia virusinfected control target cells. A PBMC culture from an animal with known CTL activity was included as a positive control for the autologous stimulation and cytotoxicity arms of the assay.
In vitro challenge of PBMC from the completely protected animal RCh-7. PBMC were purified by Ficoll-Hypaque sedimentation from a sodium citrateanticoagulated blood sample collected from uninfected animal RCh-7 36 weeks after SHIV89.6P challenge. Cells were washed and stimulated for 3 days with concanavalin A (5 g/ml) in RPMI 1640 supplemented with 10% human type AB serum, L-glutamine, and penicillin-streptomycin. Cells were washed, and CD8 ϩ T cells were removed by negative isolation using anti-CD8 magnetic beads as instructed by the manufacturer (Dynal, Lake Success, N.Y.). CD8-depleted cells were exposed to SHIV89.6P (100 ng of p27) for 12 h at 37°C. The cells were washed and then incubated for 17 days in the presence of recombinant human IL-2 (40 U/ml). Supernatants were collected every 2 to 4 days and analyzed for the presence of SIV p27 antigen, using a commercially available enzyme-linked immunoassay kit specific for SIV (Beckman/Coulter, Hialeah, Fla.). PBMC from Control animals were sacrificed 6 to 12 months after virus challenge. (C) Four neonatal rhesus monkeys (RCh-7, RFh-7, RIh-7, and RWg-7) were infused i.v. twice with human MAbs IgG1b12, 2G12, and 2F5 (10 mg/kg; solid black arrows). (D) Four neonates (REh-7, RHh-7, RJh-7, and RUg-7) served as untreated control animals. All eight animals were challenged orally with SHIV89.6P (15 oral AID 50 ) 1 h after the first MAb treatment or at the corresponding time point (3 days after birth) (open arrows). Animals were observed for 12 months, and serial blood samples were collected. †, animals RWg-7, RHh-7, RJh-7 were sacrificed 10, 7, and 9 weeks postexposure, respectively.
an uninfected normal control animal were stimulated, CD8
ϩ T-cell depleted, and infected in the same manner as a positive control.
Statistical analysis. For analysis, the viral loads were expressed as a log 10 transformation based on the distribution of HIV RNA in human studies. Viral loads below the limit of detection were set at half the limit of detection for calculation. No imputation for missing or truncated data was employed. It is noted that with four animals per group, there is low statistical power.
RESULTS
Synergistic neutralization of SHIV89.6P by a triple combination of human anti-HIV-1 MAbs in vitro.
We previously tested a large panel of human anti-HIV-1 MAbs for their ability to neutralize SHIV-vpu ϩ in vitro. MAbs IgG1b12, 2F5, 2G12, and F105 were synergistic when used in combinations (3, 29, 30) . In addition, the triple combination of F105, 2G12, and 2F5 was used successfully to protect macaques from i.v. and oral SHIV-vpu ϩ challenge (3). In the present study, we explored the capacity of these four MAbs, used either alone or in combination, to neutralize pathogenic SHIV89.6P. We also compared the synergistic potency of F105 to that of IgG1b12 to determine whether different MAbs directed against the CD4BS were equally effective.
MAb IgG1b12 was inactive against SHIV89.6P; even high IgG1b12 concentrations up to 100 g/ml did not significantly neutralize SHIV89.6P (Table 1 ; Fig. 2 ). Nevertheless, IgG1b12 (included at a constant concentration of 50 g/ml) increased the neutralization potency of other MAbs (2G12 and 2F5) when used in combinations, as indicated by a leftward shift of the curves ( Fig. 2; Table 1 ). This allowed us to use a reduced concentration of antibodies to achieve an equivalent level of neutralization. For example, when used alone, 1.243 g of 2F5 per ml was required to obtain 50% SHIV89.6P neutralization (Table 1) ; by adding IgG1b12, the dose of 2F5 necessary to achieve the same result could be reduced 18.8 times (DRI) to 0.066 g/ml. The addition of IgG1b12 to the combination of 2F5 and 2G12 led to very strong synergism and to even greater DRIs of 110 for 2F5 and 25.7 for 2G12 (Table 1 ). This effect was stronger than that observed using F105. The addition of F105 (also at a constant concentration of 50 g/ml) to a serial dilution of 2F5 and 2G12 led to synergism at low concentrations, whereas antagonism was seen at the desirable, high de- c Measured by comparing the doses required to reach 50% virus neutralization when the antibody was used alone and in combination with other antibodies. d When one component in combination has no or negligible effect by itself (e.g., IgG1b12), no CI value can be calculated due to lack of dose-effect parameters. In this case, the term "potentiation" is used instead of "synergism."
e Always used at a concentration of 50 g/ml. grees of neutralization. Furthermore, the quadruple MAb combination was less synergistic than the triple 2F5-2G12-IgG1b12 combination, presumably because of competition between F105 and IgG1b12 for the CD4BS. Therefore, we selected the triple combination of 2G12, IgG1b12, and 2F5 for the in vivo SHIV89.6P studies.
Outcome of oral SHIV-vpu ؉ challenge. Two neonatal rhesus macaques were treated i.v. with a combination of 2G12, F105, and 2F5 on the day of birth (day 0 [ Fig. 1]) prior to oral SHIV-vpu ϩ challenge. Both animals received a second infusion of this triple MAb combination 8 days later. Four untreated control animals were also challenged orally. These four monkeys served as controls also for another study arm, reported previously (3). All four untreated neonates, R9C, R10C, R11C, and R16C, became infected. They were positive for virus isolation and proviral DNA PCR, and all four animals seroconverted (3). Plasma samples from R9C, R10C, and R11C were tested by RT-PCR and yielded positive results throughout the observation period (Fig. 3A) .
In contrast, both MAb-treated animals were protected from oral SHIV-vpu ϩ challenge. No plasma viral RNA was detectable ( Fig. 3B) , virus isolation was persistently negative, and no proviral DNA was detectable in PBMC samples obtained from these animals between weeks 1 and 6 postexposure (data not shown). Furthermore, no virus-specific antibodies were detected by p27 enzyme-linked immunosorbent assay or by Western blotting using HIV-2 strips (data not shown). Taken together, our results confirm that the triple combination of neutralizing MAbs protects from oral SHIV-vpu ϩ challenge and demonstrate that protection is achieved with only postnatal treatment.
Virological and clinical outcome of SHIV89.6P challenge. Four neonatal rhesus macaques were treated i.v. with a combination of 2G12, IgG1b12, and 2F5 within the first 3 days of vaginal delivery (day 0 [ Fig. 1]) and were challenged orally with 15 oral AID 50 of SHIV89.6P 1 h after completing the antibody infusion. They received a second infusion of this triple MAb combination 8 days later. Four untreated control animals were also challenged.
All four untreated control animals (REh-7, RHh-7, RJh-7, and RUg-7) became highly viremic ( Fig. 3C and E) . The peak viral RNA levels in the three MAb-treated infants that developed viremia were 10 to 100 times lower than those in the two control infants RHh-7 and RJh-7 ( Fig. 3C and D) , but because of the low number of study animals, statistical significance could not be reached. Without exception, the untreated animals developed rapid and profound CD4 ϩ T-cell depletion, leading to nearly complete loss of peripheral CD4 ϩ T cells by 2 weeks after exposure (Fig. 3G) , similar to SHIV89.6P infection of adult macaques (52, 53) . The two untreated control animals that had very high initial plasma viral RNA loads (RJh-7 and RHh-7) had complete and persistent CD4 ϩ T-cell depletion (Fig. 3C , E, and G). They subsequently developed progressive disease (diarrhea, weakness, opportunistic infections, pneumonia, and lymphadenopathy) and succumbed to AIDS 7 and 9 weeks postchallenge, respectively. Remarkably, the other two untreated control animals (REh-7 and RUg-7) recovered gradually from declines in CD4 ϩ T cells by week 8 postexposure, even though both had peak viral RNA loads exceeding 10 6 copies/ml. One of four MAb-treated neonates (RCh-7) was completely protected from the oral virus challenge. No evidence of viral replication was observed, as viral RNA remained undetectable in the plasma by real-time RT-PCR (Fig. 3D) and PBMC coculture was negative (Fig. 3F) . Proviral DNA could not be amplified from PBMC from this animal by DNA PCR (data not shown). Furthermore, no evidence of virus-induced disease was observed. The peripheral CD4 ϩ T-cell count from RCh-7 did not decrease after challenge (Fig. 3H) . The remaining three MAb-treated animals (RFh-7, RIh-7, and RWg-7) became infected, as determined by virus isolation and RT-PCR ( Fig. 3D and F) . Infant RIh-7 maintained its CD4 ϩ T-cell counts above 955 cells/l (Fig. 3H) , in contrast to all four controls, which suffered severe, acute drops of their CD4 ϩ T cells to 0 to 170 cells/l at week 2. The MAb-treated infant RFh-7 showed a delay in an eventual decrease in CD4 ϩ T cells (Fig. 3H) . RFh-7 partially recovered and thereafter had slowly declining CD4 ϩ T-cell counts. In contrast, RWg-7 had rapid CD4 ϩ T-cell depletion and never recovered. This animal was sacrificed 10 weeks after the SHIV89.6P challenge because of disease that progressed to AIDS (diarrhea, weakness, opportunistic infections, severe thymic atrophy, and no detectable CD4 ϩ T cells). Seroconversion and clinical correlation after SHIV89.6P challenge. Assessment of Western blot-reactive antibodies and NAb titers revealed three different patterns of humoral immune responses among the animals in the SHIV89.6P study. The protected neonate, RCh-7, neither seroconverted (Fig. 4) nor developed a significant NAb titer (Table 2 ). This is consistent with undetectable virus replication in this animal ( Fig.  3D and F) . Two untreated control animals, RHh-7 and RJh-7, also had no detectable anti-SIV or anti-HIV-1 antibodies (Fig.  4 and data not shown) and no NAbs (Table 2 ). In these animals, however, rapid disease progression apparently precluded the ability to mount any antiviral antibody responses. A second pattern, observed in MAb-treated macaques RIh-7 and RFh-7 and untreated control animals REh-7 and RUg-7, was the development of antibodies to SIV Gag (Fig. 4) and HIV Env (data not shown), as well as significant titers (Ͼ100) of plasma NAb (Table 2 ). In three of the four animals (RIh-7, REh-7, and RUg-7), an increase in plasma NAbs preceded or coincided with a decrease in plasma viral load and an increase in ϩ T-cell counts were not available for animal RCh-7 between weeks 9 and 43 (H). A dotted line is drawn in panels G and H to indicate 750 CD4 ϩ T cells/l, which defines severe T-cell depletion in human infants less than 12 months of age. †, animals RWg-7, RHh-7, and RJh-7 were sacrificed 10, 7, and 9 weeks postexposure, respectively, due to progressed disease.
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POSTNATAL PASSIVE IMMUNIZATION AGAINST SHIV CHALLENGECD4 ϩ T-cell counts (data not shown). A third pattern was observed in the MAb-treated animal RWg-7, which transiently developed low level anti-Gag antibodies (Fig. 4) . Animal RWg-7 progressed to disease and AIDS. In HIV-infected humans (7) as well as in SIV-infected macaques (2), selective loss of anti-Gag antibodies is a grave prognostic sign heralding the development of AIDS. The humoral response of RWg-7 followed just such a pattern.
Potential mechanisms of the protection observed in three MAb-treated animals. Neonates P1, P2, and RCh-7 were not infected by all criteria tested and neither seroconverted nor developed NAb responses (Fig. 4, Table 2 , and data not shown). P1, P2, and RCh-7 appeared to be protected from mucosal virus challenge by well-characterized pure human IgG MAbs. No mucosal NAbs of the IgA subtype were present in our MAb combination. How could systemically administered IgG MAbs protect against mucosal virus challenge? We tested saliva samples collected from P1, P2, and RCh-7 1 h after the first MAb infusion just prior to virus challenge in neutralization assays. They had no more neutralizing activity than the prechallenge samples collected from untreated control animals (all titers Ͻ 20). This observation was true for all MAb-treated animals as well (all titers Ͻ 20). Neutralizing titers, if present at all in saliva at the time of virus challenge, were below the lower detection limit of our assay. Thus, direct inactivation of SHIV-vpu ϩ and SHIV89.6P in saliva seems unlikely. Given these results, it is possible that virus crossed the mucosal barrier and went through an initial round of infection in target cells of the local mucosal gastrointestinal tissue. The potent neutralizing MAbs would have stopped further waves of viral spread from these primary target cells. Nevertheless, limited local infection could have permitted the development of virus-specific, cellular immune responses, which in turn could have subsequently eliminated the small number of infected cells. To test this possibility, we evaluated CTL activity of PBMC obtained from RCh-7 46 weeks postchallenge; no significant specific lysis was detected in 51 Cr release assays (data not shown). However, measuring systemic CTL activity in peripheral blood may not reflect specific antiviral cellular immunity at the level of the upper gastrointestinal mucosa itself.
To test for evidence of persistent mucosal immune protection, we rechallenged animal RCh-7 with 15 oral AID 50 SHIV89.6P 54 weeks after the first challenge. We detected viral RNA in plasma obtained 1 week after the rechallenge (71,565 RNA copies/ml of plasma), and the CD4 ϩ T-cell counts decreased from 1,516 to 684 cells/l. Clearly, no protection was seen.
Potential mechanism that contributed to the recovery from the acute pathogenic effects of SHIV89.6P. To gain more insight into what immune mechanisms might have contributed to the recovery of two of our four untreated controls (REh-7 and RUg-7) from the acute pathogenic effects of SHIV89.6P, we analyzed the humoral and cellular immune responses of these animals. As mentioned above, both animals developed high titers of NAbs against SHIV89.6P (Table 2) . We evaluated the breadth of NAbs by assessing their ability to neutralize other SHIV variants and an HIV-1 strain as described earlier (18, 42, 43) . We included plasma samples from REh-7 and RUg-7 collected 79 and 81 weeks postexposure, respectively. In addition, we assayed samples collected 35 and 135 weeks postexposure, respectively, from two other macaques, RDt-7 and RGt-6, that had been inoculated orally with SHIV89.6P as neonates and had recovered from the pathogenic manifestations of the infection. The plasma samples contained- in   FIG. 4 . Western blot analysis of plasma collected from SHIV89.6P-exposed animals. Serial samples were analyzed using HIV-2 strips. The number of weeks after challenge is indicated. Migration of HIV-2 proteins is shown on the left. The arrow on the right indicates migration of Gag antigen. Plasma from SIV-free macaques or normal human serum and plasma from SIV-infected macaques or human anti-HIV-2 serum were negative and positive controls, respectively (leftmost 4 lanes). †, sacrificed animal. a Reciprocal dilution which protected 50% of MT-2 cells from virus-induced cytotoxicity. This corresponds to 90% reduction of the viral Gag synthesis (9) . b Weeks after virus exposure. Animals RWg-7, RHh-7, and RJh-7 were sacrificed in weeks 10, 7, and 9, respectively. Therefore, samples obtained 7 weeks postchallenge were analyzed. addition to anti-SHIV89.6P NAbs-variable and sometimes potent neutralizing activity against the heterologous T-cellline-adapted HIV-1 strain MN (titers as high as 500) but no activity against SHIV89.6 and SHIV-KU2 (all titers Ͻ 20). We also tested specific cellular immune responses in five of our total six recovered macaques by using enzyme-linked immunospot assays (28) and found a significant number of SIVmac239 Gag-and HIV89.6 Env-specific T lymphocytes in all five animals (data not shown).
Safety of human MAb administration to neonatal macaques. Infusions of MAb combinations were tolerated well in more than 15 neonatal macaques treated so far; no acute reactions were reported after any of the more than 30 i.v. infusions. One MAb-treated neonate (RCh-7) suffered a seizure approximately 2 days after the first MAb infusion. RCh-7 had a low birth weight (420 g) but subsequently gained body weight normally (1.68 kg at necropsy). No further seizures were reported. As in all of the other animals, the MAb infusion and the virus inoculation had been uneventful, suggesting that a connection between these manipulations and the observed seizure is unlikely. It is also improbable that it interfered with the challenge protocol, since 2 days had elapsed between virus challenge and the neurological events. Twenty-four days after virus challenge, physical examination of RCh-7 revealed partial paralysis of both lower legs (loss of reflexes); 7 days later, contracture and atrophy of the affected musculature were reported. Necropsy performed 55 weeks postchallenge revealed that RCh-7 was in reasonably good condition with the exception of the previously observed pelvic and leg muscle atrophy. In addition, focal cortical atrophy with sparing of the underlying white matter and cavitation of the underlying tissue were present in the left occipital-parietal junction, extending from the parietal lobe into the premotor cortex. Hemosiderin-laden macrophages were present at the borders of cavitated areas consistent with previous cortical hemorrhage. No evidence of vasculitis was detected. The unilateral lesion in the brain is not the likely cause of motor dysfunction, given the sparing of the motor areas and intactness of the cervical spinal cord. No specific diagnosis for the neurologic deficits could be obtained; however, the time course of events renders an etiologic association with the MAb treatment unlikely.
DISCUSSION
We infused triple combinations of human MAbs postnatally into six neonatal rhesus macaques to evaluate the protective potential against mucosal challenge with two different SHIV strains. We achieved complete protection in two of two MAbtreated neonates challenged with SHIV-vpu ϩ and one of four MAb-treated neonates exposed to SHIV89.6P, while all control animals exposed to either virus became viremic. An additional MAb-treated animal was protected from the rapid CD4 ϩ T-cell depletion observed in all control animals after SHIV89.6P challenge. Thus, the MAb combination was partially successful in protecting animals from the pathogenic effects of the SHIV89.6P infection. Furthermore, protection occurred without administration of large prenatal maternal MAb doses.
The triple MAb combination of F105, 2G12, and 2F5 protected neonates against oral SHIV-vpu ϩ challenge after preand postnatal immunoprophylaxis (3); it was therefore used in the present study with SHIV-vpu ϩ as well. For the SHIV89.6P oral challenge study, F105 was replaced by IgG1b12 in the triple combination because this regimen produced the strongest in vitro neutralization against this virus. Interestingly, neutralization of SHIV89.6P by 2G12 and 2F5 was potentiated by the addition of IgG1b12. This was unexpected, since IgG1b12 alone did not inhibit SHIV89.6P replication in vitro. This result supports earlier studies that used either SHIV89.6P or SHIV-KB9, a molecular clone derived after the fourth passage of SHIV89.6P (18, 21, 27) . Neutralization resistance of viruses might be due to a number of factors, including point mutations leading to loss of the relevant epitope (41) or to global conformational changes that make the epitope inaccessible to the MAb (47, 60, 64) . The IgG1b12 epitope is present on the envelope protein of SHIV-KB9; IgG1b12 binds soluble KB9 gp120 monomers with undiminished capacity (21) . However, the epitope seems less accessible for antibody binding in the context of the naturally folded oligomeric envelope glycoprotein complex on the SHIV-KB9 virion surface (21) . IgG1b12 binds other viral strains with equal or better avidity to the oligomeric form of the envelope glycoprotein; this probably accounts for its exceptional potency (22, 54) . Resistance to IgG1b12 has been mapped to the V1, V2, and V3 loops of the HIV-1 envelope (21, 41, 54) . Antibodies 2G12 and 2F5 recognize epitopes unrelated to the V1, V2, or V3 loop or to the CD4BS (8, 17, 45, 62) . We postulate that binding of either 2G12 or 2F5 induces a conformational change in the oligomeric envelope glycoprotein complex of SHIV89.6P that allows contact of IgG1b12 with its previously hidden cognate epitope.
The addition of a fourth antibody, F105, to the triple combination of IgG1b12, 2G12, and 2F5 led to a decrease in neutralization synergism against SHIV89.6P. F105 and IgG1b12 seem to inhibit each other, although they use different mechanisms to neutralize HIV. F105 inhibits the attachment of the neutralized virus to the target cell (49) , while IgG1b12 inhibits the fusion entry process (39). Since they both recognize epitopes that at least partially overlap with the CD4BS, the diminished combined neutralization activity may be due to steric hindrance and competition for the binding site.
We achieved complete protection against oral SHIV-vpu ϩ challenge in two neonatal rhesus macaques that received postnatal treatment with a triple combination of human neutralizing MAbs. This chimeric virus encodes env of the laboratoryadapted HIV-1 IIIB. To mimic HIV infection of human newborns more closely, we then used a highly pathogenic chimeric virus that encodes env derived from the primary, dualtropic HIV89.6 and achieved partial protection. It is well known that primary strains of HIV are more difficult to neutralize than laboratory-adapted strains (19, 44) . However, we had optimized the MAb combination previously for high in vitro neutralization of SHIV89.6P. Another factor that could have contributed to the different outcome of the two immunoprophylaxis studies could also be the higher challenge dose used of SHIV89.6P (15 AID 50 ) than of SHIV-vpu ϩ (10 AID 50 ).
Protection in the orally challenged neonates was achieved with only postnatal treatment. We chose this approach because the large amounts of each MAb required for treatment of the mother during pregnancy may render passive immunoprophy-laxis approaches to prevent maternal HIV transmission in clinical trials too costly. Furthermore, we modeled our primate study on the successful prevention of maternal transmission of the hepatitis B virus, an enveloped virus that is transmitted through the same routes as HIV. Anti-hepatitis B immunoglobulin therapy is administered to newborn infants within 12 h of birth; no prenatal treatment is given to infected mothers. Passive immunization alone is 71% effective in preventing passage of hepatitis B virus to infants (5).
To our knowledge, the present study gives the first description of the course and outcome of SHIV89.6P infection of neonatal rhesus macaques. In adult rhesus monkeys, i.v. inoculation of SHIV89.6P led to high initial viral peak RNA loads and to profound, persistent depletion of CD4 ϩ T cells within 2 weeks after virus challenge (4, 25, 53, 59, 63) . According to most reports (42, 53, 63) , SHIV89.6P infection leads to rapid disease progression and to AIDS in adult macaques, leaving the animals unable to seroconvert or mount any virus-specific CTL responses. This course of infection was seen in only two of our four naive neonates (RHh-7 and RJh-7). Interestingly, the other two untreated control animals (REh-7 and RUg-7) showed a rebound of CD4 ϩ T-cell counts 8 weeks after virus exposure. These neonates seroconverted readily, developed high titers of NAbs, and remained clinically well throughout the 1-year observation period. A similar phenomenon was described recently by Barouch and coworkers (4) . Two of eight rhesus monkeys that were challenged i.v. with 100 AID 50 of SHIV89.6P did not show complete depletion of CD4 ϩ T cells; one animal developed no significant disease, and only four of the eight macaques died by day 140 postexposure (4). The animals developed low virus-specific CD8 ϩ CTL responses. However, in accordance with our observation in infant macaques, two of the adult animals developed high NAb titers by day 28 after virus exposure (4) .
To further analyze the immune mechanisms that might have contributed to the recovery from the acute SHIV89.6P pathogenicity in our two untreated neonates, we assessed the breadth of their NAbs using in vitro neutralization assays. We included samples from REh-7, RUg-7, and two additional macaques that had been inoculated orally with SHIV89.6P as neonates and had recovered from the acute CD4 ϩ T-cell depletion. Plasma samples from all four animals had NAb activity against SHIV89.6P and the HIV-1 strain MN but not against SHIV89.6 and SHIV-KU2. These results are similar to those reported for plasma samples from SHIV89.6PD-infected macaques (18, 42) and demonstrate the restricted nature of the induced NAbs also in SHIV89.6P-infected animals. In addition, all four untreated, recovered macaques had strong virusspecific cellular immune responses. In conclusion, these SHIV89.6P-infected macaques that recovered from the severe CD4 ϩ T-cell depletion and survived for a prolonged period without significant disease demonstrated both strong NAb activity and cellular immune responses. It remains to be determined what additional factors are responsible for the variable outcomes observed among individual SHIV89.6P-infected adult and neonatal macaques.
Virus replication was undetectable in the peripheral blood of MAb-treated animals P1, P2, and RCh-7. The animals neither seroconverted nor developed NAb responses. Successful in vitro infection of CD8 ϩ -depleted PBMC collected 36 weeks after virus exposure from animal RCh-7 (data not shown) excluded the possibility of natural resistance to SHIV89.6P due to genetic predisposition, such as lack of coreceptors. Therefore, the triple combination of human neutralizing MAbs must have protected RCh-7 from systemic infection. It is not clear at what level the infused IgG MAbs stopped the virus. As in our previous study, in which neonates were completely protected against an oral SHIV-vpu ϩ challenge (3), we could not detect any significant neutralizing activity in the saliva of P1, P2, and RCh-7 at the time of challenge. While this does not rule out the possibility that low amounts of MAbs interacted with the virus in saliva, it is more likely that virus crossed the mucosal membrane and underwent a single round of replication in target cells of the local gastrointestinal tissues. Secondary waves of virus spread might then have been prevented either through direct virus neutralization by the parenterally infused IgG MAbs or via elimination of infected MAb-coated cells by antibody-dependent cellmediated cytotoxicity (ADCC) or complement activation. Indeed, human anti-HIV MAb such as F105 were found to mediate ADCC (48) , and 2G12 has both ADCC-and complement-mediated activity (62) . Recently, ADCC or other cell-killing mechanisms were also suggested to cause transient reductions of viral load in SIVmac251-infected macaques infused with immunoglobulins (6) . Alternatively, the initial infection of a set of susceptible target cells might have induced virus-specific cellular immune responses. However, no direct evidence for cellular immunity was seen-virus-specific CTL activity was not detected in the peripheral blood, and there was no protection from oral rechallenge 54 weeks after the first virus exposure.
The protection that we achieved in the four MAb-treated neonatal rhesus macaques after oral challenge with pathogenic SHIV89.6P may be compared to the level of protection reported for antibody-treated, adult macaques challenged vaginally with plasma-derived SHIV89.6PD (38) . Similar doses (15 versus 10 to 50 AID 50 ) and strains of virus (SHIV89.6P versus SHIV89.6PD [35, 52] ) were used in the two studies. However, to achieve reproducible infection, the adult macaques were treated with progesterone prior to vaginal challenge, resulting in a thinning of the vaginal epithelium. This might have influenced the MAb efficacy by allowing more antibodies to seep across the mucosal barrier. In addition, we used a lower dose of antibody (10 mg/kg) than used in the adult study (15 mg/kg), and different combinations of antibodies were employed.
In conclusion, postnatal triple MAb combination overall prevented infection in three of six treated infants. Among SHIV89.6P-challenged animals, the MAb combination was partially successful in preventing infection; half of the treated infants were protected from the acute, severe T-cell depletion. The failure to protect all MAb-treated animals from SHIV89.6P infection did not seem to be related to neutralization resistance. Viruses from MAb-treated animal RFh-7 and untreated control animal REh-7, recovered 37 weeks postexposure, were still as sensitive to neutralization with the triple MAb combination as the original SHIV89.6P inoculum (data not shown). Even the partial protection that we report here is encouraging since the macaque-adapted SHIV89.6P (52) is more pathogenic in monkeys than HIV is in humans. To increase the degree of protection in future primate studies, we plan to include other synergistically acting MAbs in the combination regimen and/or increase the neonatal MAb doses.
Our approach is directly relevant for the development of a new strategy against maternal-fetal HIV-1 transmission in humans, since the MAbs used are human antibodies directed against HIV-1 glycoproteins. It may represent an important addition to the antiretroviral therapy protocols established to reduce mother-to-child HIV transmission. Being natural human proteins, human MAbs can be expected to have low toxicity. In symptomatic HIV-infected children, the prophylactic use of i.v. immunoglobulin for the prevention of bacterial infections was safe and was suggested as standard therapy (1, 55) . In addition, MAbs 2G12 and 2F5 have been infused safely into HIV-infected adults in a phase I clinical trial (H. Katinger and G. Stiegler, unpublished observations). The stability and long half-lives of neutralizing human MAbs that we had noted in our earlier study in neonates (3) may yield another clinical benefit: the protection of infants against oral HIV transmission through infected breast milk in the neonatal period. Protection against this mode of maternal HIV transmission may be easier to achieve than against our SHIV89.6P oral challenge, since the infectivity of human breast milk is lower and does not yield a 99% probability of infection (40, 46) as our SHIV89.6P challenge dose did.
